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Abstract 
A large variety of modern components and products such as fuel injectors and spinning nozzles require holes drilled to very 
high standards as fare as roundness, diameter and aspect ratio are concerned. Laser-beam helical drilling has shown great 
promise to produce such high quality micro holes. In helical drilling, the laser beam is rotated relative to the work piece. In 
this case, the rotational movement is produced using a Dove prism, mounted in a high speed, hollow shaft motor. Different 
kind of holes are drilled and investigated with respect to hole-quality and drilling time. 
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1. Motivation / State of the Art 
Laser drilling technologies are primarily used when conventional manufacturing technologies like drilling or 
EDM (electrical discharge machining) no longer promise successful machining [1]. Possible reasons are very 
hard and non-conductive materials, high aspect ratio of the holes and high quality requirements. Limiting 
factors of the conventional technologies are, in particular, the hole diameter and, as a result of that, the tool 
diameter [2]. 
But the field of laser drilling technologies is multifarious. Figure 1 shows an overview of these technologies. 
In a first step it possible to distinguish between drilling processes with an unmoved and a moved laser beam. 
Besides trepanning, helical drilling belongs to processes with a moved beam. Examples for technologies with 
an unmoved beam are single pulse drilling and percussion drilling. 
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Fig 1. Definition of the different drilling technologies and evaluation regarding drilling duration and precision 
Some of the available techniques are very productive, but limited in the precision and quality they can attain. 
One reason is the dependency on the shape of the laser beam profile when drilling with a non-rotating beam. 
Laser-beam helical drilling enables manufacturing of high quality micro holes with various conicity, high 
aspect ratios and minimal heat affected area [3]. Due to these unique features helical drilling is beginning to 
establish itself in several sectors of industry, such as the automotive, energy or textile industries. Example 
applications are fuel injector nozzles, spinning nozzles or filters [4]. 
In helical drilling, the laser beam is rotated relative to the work piece. In this case, the rotational movement 
is produced using a Dove prism, mounted in a high speed, hollow shaft motor. If the beam is shifted parallel to 
the optical axis, the outgoing beam moves on a circular path; if, however, it is tilted in front of the prism, the 
outgoing beam traces the shape of a cone. Beam rotation using a spinning Dove prism offers fundamental 
advantages. First of all, the beam is not just rotated, but actually imaged, which means that the hole roundness 
is almost independent from the shape beam profile. Moreover, it is possible to distinguish two superposed 
rotations: first, a rotation of the laser beam on a helical path and, second, a rotation in itself (proper rotation) 
synchronized with the helical path. 
For the work presented in this paper, a helical drilling optics with a nanosecond-pulsed laser source (10ns, 
532 nm, 18 W @ 20 kHz) is used for drilling of micro holes in stainless steel. The objective of the paper is to 
investigate the main influencing factors on quality and productivity, such as fluence, shape of the rotating beam 
and rotation speed. 
 
2. Experimental 
The experiments are carried out with a diode pumped frequency doubled Nd:YVO4 laser (Edgewave 
Innoslab IS4II-
repetition rate can be adjusted 
between 0 and 20 kHz. Figure 2 and Figure 3 show the caustic of the beam, after a focusing optics with a focal 
length of f = 60 mm. The raw beam diameter is 5.5 mm since the focused beam diameter amounts to about 20 
μm. The measured beam quality is M² = 3.05 and the Rayleigh length is zR=0.25 mm.  
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Fig. 2. Caustic result and beam cross section in the focal plane 
 
In addition to the laser, the experimental set up consists of deflection mirrors, the helical drilling optics 
including control cabinet and a clamping device for the workpiece. Everything except the control cabinet is 
mounted on an x-y-z-stage of a laser-machine tool. Figure 4 shows the setup of the helical drilling system and 
relevant components inside, numbered from [1] to [6]. 
 
Fig. 3.  Optical path inside the helical drilling system and relevant components 
After hitting the first deflection mirror at the entrance of the helical drilling system, the beam passes a half-
wave plate [1], which is mounted rotatable When the half-wave plate is adjusted relative to another half-wave 
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plate, which is mounted inside the hollow shaft motor, the linear polarization of the incoming beam can be
synchronized to the rotating beam. The significance of the polarization in drilling processes will be shown later.
A second mirror [2] deflects the beam into the direction of the hollow shaft motor [4]. Together with a 
motorized rotating wedge prism, [3] the deflection mirror is mounted on a motorized moving stage. Thanks to
this design, the beam can be shifted and tilted, relative to the axis of the hollow shaft motor and finally the
taper and diameter of the drilled hole can be determined.
The laser radiation enters the hollow shaft motor and the internal Dove prism. Subsequently, the laser beam 
is rotated and passes a balancing holder [5], which is essential to avoid the geometrical error, created by 
manufacturing deviations of the Dove prism. The balancing holder consists of two wedge prisms and a laser 
window [5]. The final optical component is a focusing optics (f = 60 mm) with connection for coaxial process
gas and a nozzle made of brass [6].
Figure 5 shows the principle of imaging inside the Dove prism. At the entrance and exit of the prism, the
beam is refracted and inside the prism a total reflexion takes place. A centered and straight incoming beam 
(upper illustration) exits the prism centered and straight and rotates exclusively around its own centroid. If the
beam is shifted pa
Besides the just mentioned optical characteristics, Figure 5 indicates obviously that the laser beam is rotating
-rotation). After a mechanical rotation of 180° the optical rotation is already 
360°.
Fig. 4. Principle of imaging inside the Dove prism. Effect of parallel shift and angle modification
-rotation offers two significant advantages: the availability of high optical rotational speeds and
synchronization between polarization and beam rotation, because the spinning half-wave plate rotates the
polarization of the laser beam becomes very important with regard to the quality attainable [6]. When the half-
wave plate and the prism are rotated synchronously, the polarization condition is always constant in relation to
the wall of the hole.
After the optical path in a 2-D cross section is considered, the left part of Figure 6 shows the spatial drilling 
progress when the laser beam is penetrating the workpiece. Full perforation only occurs after multiple rotations,
since the ablation rate is quite low and the material is mainly ablated in the form of vapor. Nonetheless, the
ablation mechanism offers high precision, because of very small recast layers and homogeneous wall surfaces.
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Fig. 5. Diagram of helical drilling and illustration of the rotating motion (proper rotation and helical rotation)
On the right side of Figure 6 the proper rotation is illustrated. The orientation of all beam cross sections is
the same in every angle setting and the envelope describes a perfect circle, independent from the geometry of 
the cross section itself.
3. Results and Discussion
During the experiments, the influence of pulse energy, wedge prism angle and deflection mirror position is
investigated, while parameters such as repetition rate, focal position, laser wavelength, pulse duration,
polarisation, material and process gas are fixed (see Table 1). As already mentioned, the trials are carried out 
with a nanosecond pulsed laser with a wavelength of 532 nm. The repetition rate is set to 10 kHz.
The holes are drilled in stainless steel (X5CrNi18-10) with a thickness of 1 mm. The focal position is
adjusted on top of the workpiece surface and oxygen with a pressure of 2.5 bar is used as process gas. The
drilling time is from 20 to 60 seconds, due to different ablation speed dependent upon, for example, the pulse
energy.
Fig. 6. Fixed and variable experimental parameters
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During the drilling process the material volume is removed from the hole. Before it is completely perforated,
melt and vapor are logically driven out through the entrance side. Figure 7 shows the contamination of entrance
and exit side and, furthermore, the effect of cleaning in an ultrasonic bath. The surface at the entrance side is
significantly contaminated with melt and condensed vapor. In particular, the edges are covered with debris. In 
contrast, the exit side is hardly affected.
On the right side of Figure 7 the effect of cleaning in an ultrasonic bath is illustrated. The samples are
cleaned for 15 min in 10 % hydrochloric acid with a temperature of 30°C. After the cleaning process both sides
look smooth and shiny. This indicates that the ablated material is just sticking on the edge and surface and the
immediate environment around the hole is not influenced by the laser process.
Fig. 7. Contamination of the drilled holes and effect of cleaning in an ultrasonic bath
The diameter of the drilled hole is mainly determined by the diameter of the helical motion. However, the
pulse energy is also influencing the diameter (see Figure 8). The system operates with a pulse energy of 0.3 mJ,
and the entrance diameter is about 65 μm while the exit amounts 30 μm. When the pulse energy is increased,
the entrance diameter is only enlarged moderately, but the exit grows dramatically. With pulse energies over 
0.75 mJ the exit grows much larger than the entrance.
One possible explanation for this behavior is the multi-reflection at the walls inside the hole: Before arriving
at the exit side of the hole, the laser beam is reflected many times inside the hole. During every reflection a
certain amount of energy is absorbed and the finally arriving beam is much weaker regarding the pulse energy.
Furthermore the working position in the beam path is at least 1 mm behind the focal plane with the smallest 
beam diameter. That implies a larger beam diameter respectively cross sectional area. Altogether the fluence or 
the beam intensity is much lower at the exit side of the hole and therefore the area of saturation of the ablation 
rate is shifted to bigger pulse energies. Thus the exit diameter is more sensitive for changes in the pulse energy.
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Fig. 8. Correlation between pulse energy and hole diameter of entrance and exit side
Due to small angle modifications of the pivoting wedge-prism in front of the hollow shaft motor, the raw 
beam is tilted out of the vertical direction of rotation. After passing the rotating Dove prism, the tilted beam 
now traces the shape of a cone with an aperture angle of the initial deflection. The focussing optics converts the
angle modification of the incoming into a linear shift of the focussed outgoing beam and determines the helical
diameter of the rotating beam. Figure 9shows the correlation between modification of the wedge-prism-angle
and the resulting hole diameter. The angle varies in a range from -25° up to 15°. The position 0° is the setting
with the minimal (almost zero) helical diameter. The trials are carried out at a pulse energy of 0.7 mJ and a
deflection mirror position of 0.5 mm.
Fig. 9. Correlation between angle position of the wedge prism and hole diameter of entrance and exit side
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The distribution of the measurement points is almost symmetric to the zero position and parabolic shaped.
Angle modification near the minimal helical diameter do not have big impact on the resulting hole diameter,
whereas due to changes in higher areas the hole diameter increases significantly. At an angle position of -25°
the entrance diameter amounts to about 280 μm and the hole is not completed. With a decreasing value of the 
angle, entrance and exit diameter approach each other. At 0° the entrance diameter is about 80 μm and the exit 
amounts to 72 μm. In comparison to larger holes the roundness seems to be a little bit worse. The reasons for 
this have not yet been completely investigated.
In order to influence the taper of the resulting hole, the raw beam must be shifted parallel to the rotating axis
in front of the hollow shaft motor. A deflection mirror, mounted on a movable micro stage enables this kind 
motion. The influence of a parallel beam shift on the resulting hole taper is investigated in a range from -2.0 
mm up to 2.0 mm. In the position 0 mm, the point of deflection on the mirror matches the rotation axisexactly.
Figure 10shows the results of this investigation. While the position of the beam is constantly shifted, the pulse
energy is set to 0.7 mJ and the wedge prism angle amounts 0°. At the position 0.5 mm, the hole has an exactly
cylindrical shape. Both entrance and exit diameter is round and about 80 μm.
When the deflection mirror is moved to the left, the entrance is enlarged significantly while the exit diameter
decreases in size slightly. At maximum parallel shift of -2.0 mm, the taper ratio is about 2.3:1, which means 
that the entrance is 130 μm and the exit diameter amounts to 55 μm. To reverse the taper ratio, the deflection 
mirror must be moved into positive direction. In this case, the maximum negative taper ratio is 1:2.8 at mirror 
position of 2.0 mm. Entrance diameter amounts to 140 μm while the exit is 50 μm.
Fig. 10. Correlation between beam parallel shift and hole diameter (taper)
4. Summary
Laser-beam helical drilling of high quality micro holes is investigated in terms of the hole diameter and
taper ratio dependent upon several process parameters. The pulse energy is varied using a ns-pulsed laser with a
wavelength of 532 nm. Work pieces made of stainless steel (X5CrNi18-10) with a thickness of 1.0 mm are 
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drilled and afterwards cleaned in an ultra-sonic bath filled with hydrochloric acid. Finally, the holes are 
examined under an optical light microscope.  
The hole diameter does not only depend on the helical diameter, controlled by the wedge prism, but is also 
influenced by the pulse energy of the incident laser light. In particular, the exit side reacts very sensitively to 
changes of the pulse energy. Modifications of the wedge prism position in front of the hollow shaft motor have 
an immediate effect on the helical diameter and thus on the hole diameter. The dependency of the measured 
hole diameters is parabolic shaped. The investigations have shown that it is possible to control taper ratio of the 
drilled hole if the deflection mirror is moved parallel to the rotational axis. In addition to a positive shaped 
cone, it is even possible to increase the exit, while the entrance remains small. 
In the future it is very valuable to operate the optics with an ultra-short pulse laser to minimize the heat 
effect even more and make a subsequent cleaning superfluous. It is also interesting to investigate drilling 
results in other materials like titanium or ceramics. 
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